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The homoepitaxial growth of Si on Si(100) covered by a resist mask is a necessary technological
step for the fabrication of donor-based quantum devices with scanning tunneling microscope lithog-
raphy. In the present work, the chlorine monolayer is selected as the resist. Using density functional
theory, we investigated the adsorption of a single silicon atom on Si(100)-2×1-Cl as the starting
process of Si epitaxy. The incorporation of a silicon atom under a Cl monolayer proved to be the
most energetically favorable process. Our results show that chlorine segregates on the surface during
Si deposition and does not incorporate into homoepitaxial layers. In addition, we found that SiCl∗2 ,
SiCl∗3, and SiCl
∗
4 clusters can be formed above a Si(100)-2×1-Cl surface while Si is adsorbed. SiCl
∗
2
clusters are bound weakly to the substrate, and their desorption leaves the silicon surface free of
chlorine. To check whether the Si epitaxy is possible on the chlorine resist, we compare our results
with the well-studied case of a hydrogen resist. We find the two processes to be similar; moreover,
epitaxy on chlorine resist appears to have an advantage.
I. INTRODUCTION
Homoepitaxy of silicon is widely utilized for dopant en-
capsulation in atomic scale devices. A sufficiently thick
crystalline silicon layer (about 50 nm) should be grown on
top of a surface with dopants to preserve the electronic
properties of semiconducting devices from unwanted sur-
face effects. Silicon epitaxy is a necessary step for the fab-
rication of δ-layers1,2, nanowires3,4, and quantum dots5.
In addition, high quality of epitaxial layers is extremely
important for phosphorus-in-silicon quantum computer
building blocks6,7.
To create the desired two-dimensional structure of im-
purities, a silicon surface is covered with a resist which
is then patterned (locally removed) with a scanning tun-
neling microscope (STM) tip. After the adsorption of
molecules containing specific impurities, impurity atoms
are embedded on the resist-free sites and then the sur-
face is covered with epitaxial silicon layers. The quality
of epitaxial layers strongly depends on the interaction
of Si adatoms with atoms of the resist used for mask
fabrication. If a hydrogen monolayer is used as a mask
for the patterning of Si(100)-2×1 surface, epitaxial lay-
ers of good quality are obtained by silicon overgrowth at
250◦C6,8,9, but dopant diffusion is not negligible9. How-
ever, to control the positions of the dopants precisely,
it is necessary to prevent the movement of the P donors
during silicon overgrowth. Although dopant diffusion can
be minimized by growing several locking layers at room
temperature prior to higher-temperature Si epitaxy2,9,10,
this partially suppresses the electrical activation of the
dopants2,9. There is a challenge in looking for an optimal
solution, retaining the dopants in their original embed-
ded places without suppressing their activation.
Theoretical calculations of Si atom adsorption and dif-
fusion on H-terminated Si(100)-2×1 surface have pro-
vided an insight into the mechanism of homoepitaxy11–13.
A silicon atom adsorbed on Si(100)-2×1-H can sponta-
neously substitute a hydrogen atom on the surface and
then forms Si dihydride. Experimental results confirm
the presence of surface Si dihydrides at submonolayer
coverages14. As such a Si film grows, most H atoms seg-
regate on the surface and are not incorporated into the
epitaxial film8,15.
A chlorine monolayer on a silicon surface can also be
utilized as a resist16,17. The key difference between a
hydrogen and chlorine resist is the potential possibil-
ity to remove substrate atoms (Si) together with resist
(Cl) atoms by the STM tip because of the strong in-
teraction of chlorine with silicon. This claim is sup-
ported by a well-known etching effect that chlorine
demonstrates on Si(100), studied both theoretically18
and experimentally19. Of particular interest is a proposal
to use STM lithography on Si(100)-2×1-Cl for placing P
atoms with atomic precision20. After positioning a P
atom on a patterned Si surface, we have to build the
silicon lattice with an additional Si layer of 30–50nm
as for Si(100)-2×1-H case. Si homoepitaxy directly on
a chlorinated Si surface looks a reasonable way to do
it. While the interaction of chlorosilanes and HCl with
silicon surface was investigated to find the mechanism
of silicon epitaxy21–23, and the interaction of various
molecules with chlorinated silicon surfaces was consid-
ered for the development of functionalized surfaces24,25
and for the investigation of the reactivity of chlorinated
silicon surface26,27, there are no theoretical or experi-
mental studies of the adsorption of silicon atoms on a
Cl-terminated Si(100)-2×1 surface.
In this paper, we report the results of density func-
tional theory (DFT) calculations of Si atom adsorption
on Si(100)-2×1-Cl. A silicon adatom spontaneously sub-
stitutes a Cl atom and further migrates to the most sta-
ble inter-bridge dimer site (bound with two Si and two
Cl atoms). This process is similar to that in the case of
Si(100)-2×1-H surface, and should lead to Cl atoms seg-
regation during Si epitaxy. Despite the small radius of
hydrogen being suggested12 as a reason for spontaneous
substitutional adsorption of silicon on Si(100)-2×1-H, the
2same adsorption mechanism is found to work for a chlo-
rinated silicon surface. Moreover, there is an additional
pathway of spontaneous Si adsorption with formation of
SiCl∗2 clusters weakly bound with the silicon surface. Des-
orption of SiCl∗2 clusters from the surface requires low
activation energy, so chlorine can be removed without
annealing.
II. CALCULATION METHOD
First-principle calculations of silicon atom adsorp-
tion on Si(100)-2×1-Cl surface were performed with
spin-polarized density functional theory implemented in
VASP28,29. The generalized gradient approximation
with the exchange-correlation functional in the form of
Perdew–Burke–Ernzerhof (PBE) was applied30. The
eigenfunctions of valence electrons were expanded in a
plane waves basis set with an energy cutoff of 350 eV.
The Si(100) surface was simulated by recurring 4×4 cells,
each consisting of eight atomic layers of silicon. The slabs
were separated by vacuum gaps of approximately 15 A˚.
The bottom three layers were fixed at bulk positions,
while the other silicon layers were allowed to relax. The
lowest layer was covered by hydrogen atoms to saturate
the dangling bonds of silicon. Chlorine atoms were placed
on the upper side of the slab to form a Si(100)-2×1-Cl
structure. Reciprocal cell integrations were performed
using the 4×4×1 k-points grid.
The adsorption energy (Eads) of a silicon adatom was
calculated as the difference between the total energy of
the surface with the adatom (ESi+surf ) and the total
energies of the Si(100)-2×1-Cl surface (Esurf ) and a Si
atom in the gaseous phase (ESi):
Eads = ESi+surf − Esurf − ESi. (1)
The activation barriers (Eact) were calculated using
the climbing nudged-elastic band (CI-NEB) method31
with six images (including the two end points).
III. RESULTS
Figure 1 shows the obtained adsorption structures for
Si adatom (Siad) on a Si(100)-2×1-Cl surface. There are
two types of adsorption structures: Siad bound with Cl
atoms (type I) and Siad bound with Si surface atom(s)
(Sis) (type II). The structures of type II are more en-
ergetically favorable, therefore the formation of Siad–Sis
bonds stabilizes the surface structure. We discuss further
only one structure of type I for each kind of bonds: struc-
ture A (two Siad–Cl bonds, all Cl atoms are bound with
the surface), structure B (two Siad–Cl bonds, only one
Cl atom is bound with the surface), structure C (three
Siad–Cl bonds), and structure D (four Siad–Cl bonds).
Structural parameters for all structures are summarized
in Table I.
Figure 1. Optimized atomic structures for Siad adsorbed on
Si(100)-2×1-Cl. Adsorption energies are indicated for every
structure. Silicon atoms are yellow, chlorine atoms are green,
and Si adatom is orange.
In the structure A, a SiCl∗2 cluster is formed (asterisk
denotes a cluster attached to the surface via Cl atom(s)).
In the cluster, the Si adatom forms two equivalent bonds
with Cl atoms belonging to the same silicon dimer. Struc-
tural parameters of the resulting SiCl∗2 cluster appear to
be equal to those calculated for the SiCl2 molecule in
vacuum (Si–Cl bond length = 2.09 A˚, ∠(Cl-Siad-Cl) =
102◦).
In the structure B, one chlorine atom of SiCl∗2 clus-
ter forms a stronger bond with the surface, therefore the
cluster structure is slightly different from the free SiCl2
molecule. SiCl∗2 cluster can also be formed with Cl be-
longing to different silicon dimers (structure B2).
SiCl∗3 and SiCl
∗
4 clusters formation is also possible
(structures C and D, correspondingly). The SiCl∗3 clus-
ter is the most stable one among other SiCl∗x(x = 2, 3, 4)
clusters attached to the surface via Cl atom(s).
In the type II of adsorption structures, a SiClx(x =
1, 2) cluster is attached to the surface via Siad–Sis
3Table I. Adsorption energies and lattice parameters for the
structures shown in Fig. 1: bond length between Si adatom
(Siad) and the nearest Cl atom(s); bond length between Si sur-
face atom (Sis) and Cl atom of cluster formed by Siad; bond
length between Siad and the nearest Sis; and angle between
Siad and the nearest Cl atoms of the cluster.
Struct. Eads, eV Siad–Cl, A˚ Sis–Cl, A˚ Siad–Sis, A˚ ∠(Cl-Siad-Cl)
A −0.75 2.36 2.25 3.94 96◦
A1 −0.54 2.38 2.28 4.45 107◦
A2 −1.11 2.10 3.75 5.10 102◦
B −1.51 Cl(1): 2.06 3.89 4.41 104◦
Cl(2): 2.18 2.57
B1 −1.30 Cl(1): 2.04 3.59 4.48 103◦
Cl(2): 2.21 2.48
B2 −1.18 Cl(1): 2.04 3.24 4.26 96◦
Cl(2): 2.42 2.26
C −1.77 Cl(1): 2.07 4.18 4.16 99◦
Cl(2): 2.35 2.33
Cl(3): 2.55 2.20
C1 −1.72 Cl(1): 2.08 5.17 3.86 90-95◦
Cl(2): 2.46 2.21 18, 19
Cl(3): 2.46 2.23
C2 −1.42 Cl(1): 2.05 4.06 3.86 99-103◦
Cl(2): 2.33 2.33
Cl(3): 2.66 2.19
D −1.41 2.70 2.14 3.18 89–91◦
D1 −0.26 3.20 2.09 5.10 69–70◦
E −2.83 2.09 3.68 2.50 —
F −2.89 2.09 3.57 2.50 —
G −3.44 2.05 3.91 2.44 106◦
H −3.24 2.05 3.84 2.36 106◦
bond(s) (such clusters are denoted without asterisk). In
the structure E (Fig. 1), Si adatom is bound with the
silicon lattice, and the chlorine segregates on top of the
surface structure. To obtain the structure E, the struc-
ture with a Si adatom at a distance of 3.5 A˚ above the
chlorine monolayer was optimized using VASP code. The
lateral position of Siad was shifted from the top posi-
tion of the Cl atom in the directions [110] (towards the
dimer) and [1¯10] by 0.50 A˚. Figure 2 shows the initial
structure (Fig. 2a), the three structures through which
the process of coordinates relaxation passes (Fig. 2b-d),
and the optimized structure E (Fig. 2e). (From the set of
structures, we have chosen the three structures in which
the formation of bonds between the silicon atom and the
neighboring chlorine atoms is most clearly seen.) At the
beginning (Fig. 2b), the Si adatom is attracted to the
nearest chlorine atom Cl(1), and the bond between chlo-
rine Cl(1) and the substrate Si atom becomes weaker.
Then, Si adatom exchanges places with chlorine Cl(1)
and forms bonds with the nearest chlorine atoms Cl(2)
and Cl(3) (Fig. 2c,d). The process of exchanging chlo-
rine and silicon atoms occurs spontaneously. We believe
that the energy required for Cl(1)–Sis bond breaking is
compensated by the creation of bonds between Siad and
the neighboring chlorine atoms (Cl(2) and Cl(3)). In
the final position (Fig. 2e), the bond length between Si
adatom and the nearest Si atom is slightly longer than
that in the bulk (2.50 A˚ vs 2.37 A˚). It is worth mention-
ing, substitutional adsorption leads to the most energet-
ically favorable structure (Eads = −2.83 eV) among all
other structures formed during spontaneous adsorption
of a silicon atom on Si(100)-2×1-Cl.
Figure 2. The process of geometry optimization for spon-
taneous substitutional adsorption. a) Initial structure; b-d)
three structures through which the process of coordinates re-
laxation passes; e) optimized structure E.
Since such substitutional adsorption turned out to be
very stable, we have considered additional adsorption po-
sitions of a silicon atom under the chlorine monolayer,
which could be obtained by Siad migration from its posi-
tion in the structure E. The structure F is similar to E,
but the position of Siad is shifted closer to the row be-
tween the dimers. The adsorption energies of the struc-
tures E and F containing a SiCl cluster are approximately
equal each other (−2.83 eV and −2.89 eV, respectively).
In the most favorable configurations, Siad forms SiCl2
clusters in the inter-bridge and bridge dimer sites (struc-
tures G and H in Fig. 1). Atomic configuration G appears
to be the most stable structure of all considered in this
paper. This result strongly suggests that the formation
of the Siad–Sis bonds makes a valuable contribution to
the lowering of the adsorption energy in comparison with
the formation of Siad–Cl bonds only. Note that Si–Si sur-
face dimer in model H is not tilted, while in models G
and E it is slightly tilted by 5◦ and 4◦, respectively.
Transitions from the structure F to the most stable
structures G and H are shown in the energy diagram in
Fig. 3. The SiCl cluster in structure F can attach the
chlorine atom Cl(3) from the nearest dimer and migrate
to the most stable inter-bridge dimer site (structure G).
To break the bond between Cl(3) and the surface atom
4Figure 3. Reaction pathway for transitions from the structure F (image 6) to the most stable structures G (image 1) and H
(image 11).Charge density distribution is shown for initial, final, and some intermediate states.
Sis(3), an energy of 0.64 eV is required. The charge den-
sity distribution in Fig. 3 clearly shows Cl(3)–Sis(3) bond
breaking (inserts 5→4) and Siad–Sis(3) bond formation
(inserts 4→2) . The reverse pathway (G→F) requires a
higher activation energy, since a stronger bond between
Siad and Sis should be broken. The transformation of
the SiCl cluster in the structure F to the SiCl2 cluster in
the bridge dimer site (structure H) is an alternative pro-
cess. This process is not energetically preferable, since
the structure H is less favorable by 0.20 eV and the ac-
tivation barrier for the F→H transition is slightly higher
(0.80 eV) than that for the F→G transition (0.64 eV).
Transitions between different adsorption structures are
shown in the energy diagram in Fig. 4. The SiCl∗2 clus-
ter in the structure A can transfer to more stable struc-
ture B without an activation energy. Further, the struc-
ture B can transform to the structure F with low barrier
(0.06 eV). Structures C and D can also transform to the
structure F with low barrier (0.11 and 0.05 eV, respec-
tively). Pathway from the structures E to F require ac-
tivation energy of 0.14 eV. Transitions E→G (E→H) re-
quires approximately the same activation energy as tran-
sitions F→G (F→H). Thus, the simplest way from spon-
taneous Siad adsorption to the most stable adsorption
site passes from the structure E to the structure G and
requires an energy of 0.57 eV.
The SiCl∗2 cluster formed in spontaneous Siad adsorp-
tion can desorb as a SiCl2 molecule. Energies required
for SiCl2 molecules desorption (Edes), as well as energy
difference between final (Ef ) and initial (Ei) states, are
listed in Table II. The process of SiCl2 desorption from
the structure A is exothermic and it can occur over a very
low barrier (Eact = 0.01 eV) (Fig. 4). In the structure B,
a SiCl2 molecule desorbs over a rather low barrier. There-
fore, as soon as a SiCl∗2 cluster forms on the surface, it can
desorb as a SiCl2 molecule. The SiCl2 molecule desorp-
tion from the structures C and D requires higher activa-
tion barrier, 0.38 eV and 1.38 eV, correspondingly. Note
that desorption of SiCl3 (SiCl4) from the structure C (D)
is less beneficial than the desorption of SiCl2 molecule.
Table II. Energy difference between final (Ef = −1.39 eV) and
initial (Ei) states and energy barrier required for desorption.
In the final state, a SiCl2 molecule is above the surface, and
a double Cl vacancy (on one dimer) is formed on the surface.
In the case of desorption process without activation energy,
energy barrier coincides with the energy difference (Ef −Ei).
Model (Ef −Ei), eV Energy barrier, eV
A −0.64 0.01
B 0.12 0.12
C 0.38 0.38
D 0.02 1.38
5Figure 4. Transitions between adsorption structures A–G for Siad on Si(100)-2×1-Cl. The simplest way from spontaneous Siad
adsorption to the most stable adsorption site is marked by the red curve. Silicon atoms are yellow, chlorine atoms are green,
and Si adatom is orange.
IV. DISCUSSION
In this section, we turn to the comparison of Si ad-
sorption on a Cl-terminated Si(100)-2×1 surface with a
H-terminated one12. In both cases, the Si adatom, spon-
taneously substituting Z (Z=H, Cl) atom, can capture
one more Z atom and form a SiZ2 cluster in a bridge
dimer or an inter-bridge dimer site.
In the case of Si adsorption on hydrogenated surface
at room temperature, most of Si adatoms transfer from
the substitutional site to the bridge dimer site due to
the low activation energy (0.5 eV)14. Further transi-
tion of the SiH2 cluster into the most favorable posi-
tion in the inter-bridge dimer site requires an activa-
tion energy of 1.1 eV14, which can hardly be overcome
at room temperature. This scenario is in agreement
with the experiment14, where Si adatoms deposited on a
H-terminated Si(100)-2×1 surface at room temperature
were at first found predominantly in the bridge dimer
sites, but after annealing to 250◦C — in the inter-bridge
dimer sites.
According to our calculations of chlorinated surface,
the minimum energy path from the structure E to struc-
ture H requires an activation energy of 0.66 eV, whereas
the transition from the structure E to the most sta-
ble structure (G) requires only 0.57 eV. Thus, most Si
adatoms deposited on a Si(100)-2×1-Cl surface at room
temperature should be adsorbed into the inter-bridge
dimer site. According to the silicon crystal structure, the
right position for the growth of a new layer is the bridge
dimer site but not the inter-bridge dimer site. However,
at 250◦C, Si adatoms adsorbed on Si(100)-2×1-H in the
inter-bridge dimer sites do form a silicon crystal structure
(according to transmission electron microscopy (TEM)
experiments8,10). To explain the successful formation of
a new crystalline layer from adatoms at the inter-bridge
dimer sites, it is necessary to study the process with two
or more Si adatoms.
We have found that the most stable structures are the
same for Si adsorbed on H- and Cl-terminated Si(100)-
2×1 and also the activation barriers are comparable, so
we can expect that the epitaxy process will be similar.
In the case of H-terminated Si(100)-2×1, it has been
experimentally shown that silicon epitaxy on hydrogen
monolayer leads to hydrogen segregation to the surface8.
Therefore it proves the possibility of Si overgrowth on
chlorine monolayer with Cl segregation to the surface
without Cl embedding in the epitaxial layers.
The difference between Si adsorption on Si(100)-2×1-H
and Si(100)-2×1-Cl is that in the later case, SiCl∗2 clusters
weakly bound to the Cl-terminated surface are formed.
A SiCl2 molecule can easily desorb from structures A and
B containing SiCl∗2 clusters, since the energy barriers ap-
pear to be very low. As SiCl2 desorbs, chlorine is also
partly removed from a Si(100)-2×1-Cl surface. In other
words, the adsorbed silicon atoms etch the chlorine layer
but do not remove Si substrate atoms. The subsequent Si
overgrowth on the substrate area free of Cl should lead to
a more uniform growth of the epitaxial layers due to in-
creased adatom mobility on Cl-free surface (for example,
Si adatom mobility is lower on Si(100)-2×1 surfaces ter-
minated by hydrogen11 and bromine32 than on a clean
surface). Note that the low-temperature removal of Cl
will not lead to the diffusion of dopants (for example, P
atoms) on the surface.
6V. CONCLUSIONS
The structures and energetics of Si adsorption on
Si(100)-2×1-Cl have been studied with the density func-
tion theory. The activation barriers for transitions be-
tween the most stable states and desorption of SiCl2
molecules from the surface have also been calculated.
When compared to the common practice of using a
hydrogen monolayer as a resist, a chlorine monolayer
presents not just similarities, but also potential advan-
tages due to low-temperature removal of chlorine during
Si epitaxy. Firstly, spontaneous substitutional adsorp-
tion takes place both on H-14 and Cl-terminated Si(100)-
2×1. Secondly, the most stable sites for Siad on both H-
14 and Cl-terminated surfaces are inter-bridge and bridge
dimer sites, where Siad is bound to two Si and two H (or
Cl) atoms. These results indicate that chlorine segregates
to the surface during Si deposition and is not incorpo-
rated into the epitaxial layers. Thirdly, we have found
out that SiCl∗2 clusters formed during silicon adsorption
can easily desorb from a Cl-terminated surface. Thus,
depositing silicon on a chlorine monolayer should pro-
duce silicon epitaxial layers of quality at least not worse
(may be even better) than on a hydrogen monolayer.
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